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Abstract 
Comparison of mid- and near-infrared spectra of control and infarcted rat ventricular tissue reveals the presence of absorptions in 
infarcted tissue which are highly characteristic of collagen, indicating large scale deposition of type I collagen in the myocardium 
following infarction. These results demonstrate that IR spectroscopy may be used to rapidly monitor the modifications of the extracellular 
matrix associated with myocardial infarction. 
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In the last three decades, IR spectroscopy has become 
an accepted tool in the biological sciences, finding an 
important place in studies of lipid structure and phase 
properties [I], protein structure [2] and nucleic acid struc- 
ture [3]. More recently, the information obtained from 
these studies has been transferred to studies of normal and 
diseased human tissues and fluids [4], which have demon- 
strated that IR spectroscopy may be applied to the charac- 
terisation of pathological conditions. In the course of these 
studies it became apparent that absorptions from the extra- 
cellular matrix (ECM), and specifically from collagen, 
contribute strongly to the spectrum of most tissues [5]. We 
have demonstrated that the normal physical inhomogeneity 
in the ECM, on both a macroscopic and microscopic level, 
can influence the infrared spectrum of tissues [6]. 
A number of pathological processes are associated with 
altered expression of key components of the ECM in 
different organs, and these changes should be amenable to 
study by infrared spectroscopy. Of these disease states, 
myocardial infarction (MI) is overwhelmingly the most 
important as it is the leading cause of congestive heart 
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failure, which remains one of the most lethal cardio- 
vascular disorders. Over three million individuals on the 
North American continent have congestive heart failure, 
the vast majority due to the occurrence of progressive 
cardiac hypertrophy and failure after MI. 
MI usually results from fissuring of an atherosclerotic 
plaque, with subsequent entry of blood into the plaque and 
thrombus formation. Thrombus formation may lead to 
blockage of arteries, reduced blood flow to the my- 
ocardium and consequent ischaemia. Irreversible injury 
occurs within 20-40 min of complete ischaemia. After 
2-7 days dead myocytes begin to disintegrate, breakdown 
products being enzymatically degraded and removed by 
macrophages. At about the seventh day, modifications of 
the extracellular matrix are apparent, with fibrous tissue 
composed predominantly of type I collagen slowly replac- 
ing necrotic tissue, resulting in formation of a scar within a 
few weeks [7]. 
Functionally, modification of the extracellular matrix 
has profound effects, due to disturbances of the mechanical 
and electrical properties of the heart, resulting in poten- 
tially fatal cardiac dysfunction. In particular, altered my- 
ocardial chamber stiffness accompanies many forms of 
heart disease and is a clinically relevant manifestation of 
enhanced matrix expression. Modifications of the ECM 
proteins are currently assessed by standard biochemical 
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and histological methods, including extraction of tissues 
and polyacrylamide gel electrophoresis of the extract, esti- 
mation of hydroxyproline content in tissue and immuno- 
fluorescence microscopy [8]. Unfortunately these methods 
tend to be time-consuming and/or  are relatively imprecise. 
We present here evidence which demonstrates that the 
remodelling of the extracellular matrix of the infarcted rat 
heart may be rapidly monitored in a semi-quantitative 
manner by IR spectroscopy. 
Myocardial infarction was produced in male Sprague- 
Dawley rats by occlusion of the left coronary artery [9]. 
Briefly, after isofluorane anaesthesia, the thorax was 
opened by cutting the third and fourth fibs, and the heart 
was extruded through the intercostal space. The left coro- 
nary artery was ligated about 2-3  mm from the origin with 
a suture of 6 -0  silk, and the heart was repositioned in the 
chest. Closure of the wound was accomplished by the use 
of a purse-string suture. Throughout the operation, ventila- 
tion of the lungs was maintained by positive-pressure 
inhalation of 95% 0 2 and 5% CO 2 mixed with isofluo- 
rane. Sham-operated animals were treated similarly, with 
the exception that the coronary suture was not tied. 
FTIR spectra were recorded on Digilab FTS 40A and 
FTS 40 Fourier transform infrared spectrometers equipped 
with HgCdTe and PbSe detectors respectively and continu- 
ously purged with dry air. Initially mid infrared spectra 
were recorded using a 'Split Pea' single reflection attenu- 
ated total reflection accessory (Harrick Scientific). When 
both mid- and near-infrared spectra of the same sample 
were required, a small portion of tissue (< 1 mm 3) was 
placed between a pair of CaF 2 windows, one of which 
contained a 10-/zm depression to accommodate he tissue, 
and mounted in a Harrick demountable cell holder. For 
each sample 256 interferograms were recorded in the mid- 
and near-infrared, co-added and Fourier-transformed to
generate a spectrum with a nominal resolution of 2 cm-  
for mid-infrared measurements and 8 cm ~ for near-in- 
flared measurements. Residual water vapour was interac- 
tively subtracted. Fourier self-deconvolution was per- 
formed using k = 1.7 and half-width = 13.5 cm -1. Savit- 
sky-Golay second derivative spectra were calculated using 
an interval of 21 data points for near-infrared spectra nd 7 
data points for mid-infrared spectra. 
Representative mid-infrared spectra of sham-operated 
control left ventricle (spectra of sham fight ventricles are 
identical) in the region 1000-1800 cm-  ~ are shown in Fig. 
1A,B. As can be seen, spectra re highly reproducible. The 
major absorptions in such spectra, as in spectra of all 
tissues, are the amide I and II absorptions. The amide I 
absorption (1600-1700 cm -1) arises predominantly from 
protein amide C = O stretching vibrations, while the amide 
II absorption (1500-1580 cm -1 ) is more complex, arising 
from amide N-H bending vibrations (60%) coupled to C-N 
stretching vibrations (40%). Both the amide I and II ab- 
sorptions have been shown to be conformationally sensi- 
tive, and thus are often used to determine protein sec- 
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Fig. 1. Duplicate infrared spectra of sham control (A,B) and infarcted rat 
left ventricle (C,D) and rat type I collagen (E) after Fourier self-decon- 
volution. 
ondary structure [2]. As an averaging technique, IR spec- 
troscopy simultaneously provides information concerning 
all proteins present within the tissue. Thus it is not usually 
possible to attribute specific amide absorptions to particu- 
lar secondary structures within individual proteins. How- 
ever, the appearance of an amide I maximum at around 
1650 cm-  ~ in sham rat hearts indicates that the proteins in 
the tissue adopt a predominantly a-helical configuration. 
This is confirmed by the appearance of an amide II 
absorption at 1547 cm-1. 
The weak absorptions observed at 1738 and 1721 cm-  
are assigned to the ester C = O stretching vibrations of 
phospholipids and the C = O stretching vibrations of nu- 
cleic acids respectively, while the absorption at 1518 cm-  
arises from tyrosine side chains. 
The complex profile seen between 1400-1500 cm-~ is 
attributed to absorptions arising from CH 3 asymmetric 
bending, CH 2 scissoring and COO-  symmetric stretching 
vibrations. The assignment of the series of features be- 
tween 1260-1400 cm-1 is less straightforward, but contri- 
butions from CH 2 wagging and CH 3 symmetric bending 
are expected in this spectral region. The relatively intense 
absorptions at 1240 and 1080 cm -1 are assigned to the 
asymmetric and symmetric PO~- stretching absorptions 
respectively of nucleic acids, with minor contributions 
from PO~- groups of phospholipids. 
Spectra of left ventricular tissue recorded two weeks 
after infarction are shown in Fig. 1C,D and are again 
highly reproducible. However, spectra of infarcted tissue 
are significantly different from spectra of control ventricu- 
lar. The main amide I absorption in infarcted tissue is 
shifted from 1650 to 1628 cm -1, a shift indicative of 
either a structural rearrangement of the existing tissue 
proteins or the expression of a new set of proteins with 
different structural characteristics. In addition, the amide II 
band is seen to shift from 1547 cm - I  in control tissue to 
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1552 cm -~ in infarcted tissue, again indicating major 
differences in the proteins in infarcted tissue. 
Major spectral changes are also apparent between 
1000-1300 cm -~. Of particular note is the appearance of 
several new absorptions at 1032, 1204, 1283, 1319 and 
1338 cm -~ Furthermore, the absorptions at 1082 and 
1238 cm -~ are narrower and more intense in spectra of 
infarcted tissue. These changes are highly indicative of 
deposition of type I collagen in infarcted heart [5,6]. This 
is confirmed by comparison of the spectra in Fig. 1C-D 
with the spectrum of rat type I collagen (Fig. 1E). 
In addition to the major spectral changes discussed 
above, other, more subtle changes are apparent in the 
spectrum of infarcted heart tissue. The intensity of the 
weak absorptions at 1721 and 1738 cm -~ is reduced in 
infarcted tissue, probably reflecting phagocytosis of mem- 
brane lipids and nucleic acid debris after cell death. The 
tyrosine absorption at 1518 cm -j is also reduced in inten- 
sity, as a consequence of the dominant effect of collagen 
upon the amide regions of the spectrum of infarcted tissue 
(collagen has a very low tyrosine content). The ratio of the 
CH 2 scissoring:CH 3 asymmetric bending is elevated in 
infarcted tissue. Again, this is a direct result of collagen 
deposition. Collagen contains a substantial amount of pro- 
line and glycine residues (25% and 33% respectively), 
resulting in a high content of CH 2 and CH groups and a 
low content of CH 3 groups. Thus elevated eposition of 
collagen in infarcted tissue results in an elevation of the 
ratio of CHz:CH 3 absorptions. Finally, the ratio of the 
intensities of the absorptions at 1159 and 1175 cm -~ is 
reversed in infarcted tissue, with the feature at 1159 cm- l  
being the most intense in infarcted tissue. The assignment 
of these weak features is uncertain, but they have previ- 
ously been attributed to C-OH stretching absorptions of the 
side chains of amino acids such as serine and threonine 
[10]. The altered relative intensities of these absorptions in
infarcted tissue may result from the presence of C-OH 
groups from hydroxyproline in collagen. In addition, C-OH 
absorptions from the carbohydrate residues attached to 
collagen may contribute intensity in this region. 
Difference spectra between 1000-1800 cm -~, gener- 
ated by the subtraction of spectra of control tissue from 
spectra of infarcted tissue, are shown in Fig. 2. Subtraction 
factors were calculated from the ratio of the amide I 
absorptions in infarcted and control tissue. It should be 
noted that this approach to spectral subtraction assumes 
that the molar absorptivities of the proteins giving rise to 
the two amide I absorptions are the same. While this is 
unlikely to be the case, the errors introduced into the 
difference spectrum will be quantitative rather than qualita- 
tive. Thus, although the absolute intensity of features in 
difference spectra is unreliable as a quantitative indicator 
of changes, the presence of absorption maxima and min- 
ima can be used to characterise materials which are de- 
posited or lost. A number of prominent positive features 
are apparent in such difference spectra, indicative of the 
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Fig. 2. Difference spectrum generated by subtraction of sham control 
from infarcted rat left ventricle. Abscissa expanded by a factor of 5. 
presence of absorptions in infarcted tissue which are not 
present in control tissue. Most of these absorptions corre- 
spond to the characteristic absorptions een in the spec- 
trum of rat type I collagen (1032, 1081, 1202, 1240, 1283, 
1319, and 1338 cm-1), indicating that most of the absorp- 
tions in the difference spectra re attributed to the presence 
of type I collagen. Additional positive features are seen at 
1560 and 1628 cm-~, indicative of significant differences 
in the structure of the proteins present in infarcted tissue. 
Interestingly, the positive feature in the difference spec- 
trum at 1628 cm-~ is in a region highly characteristic of 
intermolecular hydrogen bonding [2], suggesting inter- 
molecular hydrogen bonding interactions between collagen 
chains. This suggestion is in agreement with the known 
increase in the degree of cross-linking of collagen in 
infarcted tissue. Furthermore, the positive feature in the 
difference spectrum at 1662 cm -~ occurs in a spectral 
region where absorptions from 3Fhelices would be ex- 
pected. As the major structural motif in collagen is the 
31-helix, this is further evidence of collagen deposition. 
Negative features at 1517, 1708 and 1739 cm-~ are indica- 
tive of loss of tyrosine, nucleic acids and phospholipids 
respectively. Difference spectra generated in a similar 
manner by the subtraction of control spectra from each 
other never exhibit these features, thus supporting the 
interpretations made above. 
Reproducible differences are apparent between second 
derivative spectra of control and infarcted hearts in the CH 
stretching region (2800-3050 cm- l ) ,  as illustrated in Fig. 
3. The major absorptions in this region in both control and 
infarcted tissue most likely arise from the symmetric and 
asymmetric CH 2 and CH 3 stretching vibrations, although 
contributions from CH stretching vibrations and Fermi 
resonance contributions are also expected. Differences are 
apparent between infarcted and control tissue. However, 
the complexity of this region of the spectrum makes it 
difficult to draw conclusions concerning the molecular 
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Fig. 3. Inverted second erivative infrared spectra of sham control (A) 
and infarcted (B) rat left ventricle in the CH stretching region of the 
spectrum. 
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Fig. 4. Inverted second erivative near infrared spectra of control (A) and 
infarcted (B) rat left ventricle. 
basis of these changes. One finn conclusion that can be 
drawn, based upon the decrease in the intensity of the 
C = C-H stretching absorption (3013 cm -1) in infarcted 
tissue, is that there is a decrease in unsaturated lipid 
content in infarcted heart, presumably as a result of necro- 
sis and phagocytosis of membrane debris. 
Near-infrared spectra (Fig. 4) support a number of the 
observations made on the basis of the mid-infrared spectra. 
The combination region (3800-5300 cm -1) which can 
largely be understood in terms of binary combinations 
involving a high frequency X-H (X = O, N, C) stretching 
mode combined with a mid-frequency mode is particularly 
useful. 
The region between 4750-5000 cm-1 is dominated by 
the amide A (free N-H stretching vibration)-amide II com- 
bination band which is centred at 4862 cm-~ in control 
tissue. The most striking feature of the amide A-amide II 
combination is the increase in intensity at 4897 cm-1 and 
the concomitant loss of intensity at 4862 cm -~ in the 
infarcted tissue. In the mid-infrared, the amide II maxi- 
mum was observed to shift by 5 wave-numbers in the 
infarcted tissue. The 35 cm ~ shift in the amide A-amide II 
combination suggests that the amide A band, which is 
largely obscured by the water OH stretch in the mid-in- 
frared and thus difficult to study, is shifted by some 30 
cm- l. In the solid state, it has been noted that the amide A 
and the corresponding amide A-amide II combination are 
shifted to high frequencies in both type I and IV collagen 
[ll]. Thus the increase in intensity at 4897 cm -1 in the 
infarcted tissue is consistent with an increased collagen 
content in these tissues. 
The methyl and methylene stretch-bend combinations 
usually dominate the region between 4250-4450 cm -~. 
Differences in the methyl to methylene ratio between the 
control and infarcted tissue which were evident from the 
mid-infrared spectra re also evident from the CH stretch- 
bend combination region. The peak at 4264 cm-1 largely 
arises from a combination of symmetric CH 3 stretching 
vibration (2877 cm 1) and the symmetric CH 3 bending 
vibration (1382 cm- l ) ,  while the asymmetric CH 3 stretch 
(2962 cm-l)-symmetric CH 3 bend and symmetric CH 3 
stretch-asymmetric CH 3 bend (1468 cm -1)  combinations 
contribute to intensity around 4346 cm -1 . The asymmetric 
CH 2 stretch-CH 2 scissoring combination gives rise to 
intensity around 4376 cm -~. The intensity of the methyl 
combination bands decrease relative to the methylene band 
in the infarcted tissue, indicating a decrease in the methyl 
to methylene ratio as a result of the limited number of 
methyl containing side chain groups in collagen. 
The most noticeable change in the infarcted tissue 
spectra is the increase in the intensity of the central 3988 
cm-1 band relative to the 3933 and 4055 cm -~ bands. 
This increase in relative intensity is consistent with the 
observed increase of both the CH 2 scissoring band and the 
1082 cm-~ C-O stretching band in the mid-infrared spec- 
tra of infarcted tissue, suggesting that it may be assigned to 
the overtone of the CH 2 scissoring vibration combined 
with the 1082 cm-~ C-O stretching vibration. This combi- 
nation seems particularly sensitive to collagen deposition 
in infarct tissue. 
In conclusion, we have shown that the potential prob- 
lems associated with the strong infrared absorptions of 
collagen can be turned into a distinct advantage, and be 
used to rapidly probe the remodelling of the extracellular 
matrix of the rat heart following infarction. In addition, we 
have demonstrated that near-infrared spectroscopy may 
also be used to monitor this remodelling. Importantly, near 
infrared spectroscopy, combined with fibre optic technol- 
ogy, makes possible the rapid, non-destructive assessment 
of the degree of collagen deposition in the infarcted heart. 
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